Introduction
The main goal of root canal instrumentation is to clean and shape the root canal system (1) . Studies have shown that current methods of cleaning and shaping root canals produce a smear layer that covers the instrumented walls (2) (3) (4) (5) . This layer contains inorganic and organic substances, including fragments of odontoblastic processes, microorganisms, and necrotic materials (5) . According to Mader et al, the smear layer consists of a superficial layer on the surface of the canal wall, approximately 1 to 2µm in thickness, and a deeper layer is packed into the dentinal tubules to a depth of up to 40µm (3) . The components of the smear layer can be forced into the dentinal tubules to varying distances (4) . This can occur as a result of the linear movement and rotation of instruments and because of capillary action generated between the dentinal tubules and the smear material (4) . The smear layer covers the instrumented walls and may prevent close adaptation between root canal filling materials and the root canal walls (6) . However, instruments for narrow canals with radial lands have a larger contact area with the canal wall, which increases friction and torque and thereby fracture risk (7, 8) .
Today, many rotary nickel-titanium files are available in various geometric designs. There are passive instruments with radial lands, such as ProFile (Dentsply, Maillefer, Ballaigues, Switzerland). A radial land is a flat area located directly behind the cutting edge (9 (17) . At present, more information about the effectiveness of RaCe rotary instruments with regard to smear layer formation is needed, and the efficacy of RaCe instruments should be compared with that of other differently designed nickel-titanium rotary instruments such as FlexMaster and ProFile systems. Thus, the purpose of this study was to evaluate the effect of RaCe, FlexMaster and ProFile rotary instruments on smear layer formation by scanning electron microscopy.
Materials and Methods
Eighty-four human single-rooted teeth were used in this study. Preoperative radiographs showed absence of multiple canals, calcification, or severe apical curvatures. The teeth had been extracted for periodontal reasons. The teeth were kept in 0.5% Chloramine T solution (Merk, Darmsladt, Germany) at 4°C until use. The degree of canal curvature was determined using the Schneider's method (18) and the teeth with curvatures less than 10°a nd length of 21-22 mm were selected. Straight-line access cavities were obtained in all the specimens and then the teeth were randomly divided into three experimental groups, each containing 28 teeth, as follows: One investigator performed all the steps of root canal instrumentation. The working lengths (WL) were established within 1 mm of the apical foramina using file #20 (K-file, Maillefer, Ballaigues, Switzerland). Roots in which the initial instrumentation to the apical foramina could be performed larger than #20 K-file were not used in this study. All the root canals were prepared with instruments up to #40 and a new set of instruments was used for each canal. The instrumentation was performed in slight continuous, in-and-out movements and the instruments were never forced apically. Copious irrigation was performed after each instrumentation via a 5-mL SUPA syringe (Tehran, Iran), which delivered 4 mL of sterile saline solution (0.9% sodium chloride) through a 27-gauge needle (Iran Needle, Tehran, Iran). The root canals were kept flooded with the irrigation solution throughout the entire instrumentation procedure. The instrumentation sequences used in the present study were as follows: ProFile group: These instruments were set into rotational speed (300 rpm) with an 8:1 reduction handpiece powered by torque limited electric motor (TCM Motor 3000 Novage, Konstanz, Germany). The canals were instrumented to two-thirds of the working length using ProFile #35/06 taper, #30/06 taper, #30/04 taper, and #25/04 taper instruments. This was followed by the sequential use of the ProFile #25/02 taper, #30/04 taper, #30/06 taper, 35/02 taper and #40/02 taper instruments to the final working length with the application of gentle pressure. FlexMaster group: All the procedures were the same as described for ProFile group except for fact that FlexMaster #40/06 taper was used in this group and all the instrumentations were similar to the previous group. RaCe group: All the procedures were similar to the two other groups except for the fact that RaCe #40/0.1 taper and #35/0.08 taper were used in this group and the instrumentation series was similar to the other two groups.
On completion of instrumentation, each canal was flushed with 5 ml of sterile saline solution. The canals were thoroughly dried with sterile paper points (Aria Dent, Tehran, Iran). The teeth were decoronated at the cementoenamel junction (CEJ). The teeth were then split in half after two parallel longitudinal grooves were made with a slow-speed diamond disk on the outer surface of the roots. The root was split with a plastic instrument used as a chisel to prevent contamination of the canals during the separation process.
Two halves of each root were used to look down onto the smear layer to evaluate the extent of this layer on the canal wall surface in the apical, middle, and coronal thirds. The root halves were dehydrated in a desiccator for 48 h, coated with a thin (200 Å) palladium-gold film and viewed with a scanning electron microscope (SEM) (JSM 6320F; Japanese Electron Optics Laboratory, Tokyo, Japan). After the central beam of the SEM was directed to the apical, middle and coronal thirds of the root canal wall under ×45 magnification, five areas of each specimen (10 areas for each root) were randomly selected on the screen. In each selected area, the magnification was increased to ×1,500 -×3,000 and a transparent grid was placed on the SEM screen. The cleanliness of the root canal walls was evaluated on 10 pre-selected squares of the grid with the following five-score system (19); The scoring procedure was performed by a second operator who was blinded to the individual who had prepared the root canals, and the coded specimens, and the device used for root canal preparation. Statistical analysis was performed using one-way analysis of variance (ANOVA) followed by a post hoc Tukey test. Statistical significance was defined as P < 0.05.
Results
In the three instrumentation groups, there were differences in the general surface appearance of the smear layer on the root canal walls (Fig. 1) . Completely cleaned root canals were not found in any of the groups.
Statistical analysis showed that there were no significant differences among the 3 experimental groups in the coronal third (P = 0.39). However, in the middle and apical thirds, there were statistically significant differences among the groups. In the middle third, the differences between the RaCe group and the ProFile group (P = 0.04) and between the RaCe group and the FlexMaster group (P = 0.002) were statistically significant. On the other hand, in the apical third, the differences between the RaCe group and the ProFile group (P < 0.0005) and between the RaCe group and the FlexMaster group (P < 0.0005) were statistically significant (Fig. 2) . According to the results of one-way ANOVA, there were no significant differences in the means of smear layer formation in the entire length of the canals between the experimental groups (P = 0.003). The results of the post hoc Tukey test revealed significant differences between the RaCe and FlexMaster groups in this regard (P = 0.002). The differences in the means of smear layer production between the other groups were not statistically significant (P > 0.05) (Fig. 3) .
Discussion
In the present in vitro study, only normal saline was used as the irrigant so that the cleaning efficacy of the three canal preparation methods could be evaluated and compared without the intervention of confounding factors. It should be pointed out the cleaning efficacy of the three root canal preparation methods used in the present study might have been improved with the combined use of EDTA and high concentrations of NaOCl.
An important factor considered in the present study was the inclusion of caries-free single-rooted teeth in the study design, eliminating the possible role of caries in smear layer formation. On the other hand, the crowns of the teeth were not removed before instrumentation so that the clinical situation could be simulated as closely as possible. Another important consideration in such studies is the blindness of the individual evaluating the samples to the procedure used in the study so that he/she would not be able to discover the codes used and could therefore evaluate the samples without any prejudgment. To this end, the samples were submitted to the SEM operator along with the previous codes as follows: Group A, ProFile; Group B, FlexMaster; Group C, RaCe; the operator then received a full explanation and chose different kinds of codes without the researchers having any knowledge about the relationship between the previous and new codes.
In the present study, some relatively uninstrumented areas were found in the coronal, middle and apical thirds in all three preparation methods, which is consistent with the results of other studies, such as those carried out by Hülsmann (19) and Schäfer (14) . In the current study, there were no statistically significant differences in the frequency distribution of smear layer formed by the three different types of instruments in the coronal thirds and the smear layer mostly observed belonged to score 4, which is consistent with the results of a study carried out by Schäfer in 2002. The abovementioned study revealed that FlexMaster files leave more smear layer compared to hand instruments, especially in the coronal third (14) .
In the present study, statistically significant differences were observed in smear layer formation between the three experimental groups: less grade 2 smear layer was formed in the RaCe group, which is not consistent with the results of a study carried out by Schäfer in 2004 (15) . They compared the smear layer formation in RaCe and ProTaper rotary instruments, and observed that RaCe rotary instruments left less smear layer, although the differences were not statistically significant. In their study, mandibular and maxillary molars had been used. The roots had curvatures ranging between 25 and 45 degrees and 2.5% NaOCl was used as the irrigant for canal preparation. As NaOCl can dissolve organic components of the smear layer it might have influenced the results of the study. On the other hand, RC Prep had been used as a lubricating agent in that study, which has EDTA as a major ingredient with the ability to dissolve salts. Smear layer contains both organic and inorganic ingredients, and the use of RC Prep can influence the results of the study. Statistically significant differences were observed in smear layer formation in the apical third of the root canals among the three experimental groups. The least amount of smear layer was observed in the RaCe group with a 35% frequency of score 2, which is consistent with the results of a study carried out by Schäfer and Vlassis (15) Two-by-two comparison of the instruments in the present study in the coronal, middle and apical thirds of the root canals did not demonstrate any significant differences between FlexMaster (without radial lands) and ProFile (with radial lands) instruments and the smear layer grades were similar. According to the results of the present study, it seems that radial lands of instruments have less influence on producing smear layer; however, further studies should be carried out to confirm this hypothesis. Comparison of RaCe and FlexMaster instruments in the coronal third did not reveal any significant differences and score 4 smear layer was observed with higher frequency in the FlexMaster group. There were significant differences in the middle third between the RaCe and FlexMaster groups and less smear layer with higher score 2 frequency was observed in the RaCe group. The same results were obtained in the apical third, which might be explained by the fact that RaCe instruments have wider furrows, sharp cutting edges and active cutting blades, leading to an increased cutting capacity, which facilitates the movement of debris in the coronal direction leaving less smear layer in the apical third. However, FlexMaster instruments are locked on the coronal walls and have narrow furrows causing the file and debris to move toward the apical third. Jeon et al have reported that nickel-titanium rotary files with active cutting blades increase root canal cleanliness by removing smear layer better than instruments with radial lands, which seem to burnish the smear layer (21) . On the other hand, Zand et al. concluded that FlexMaster files leave less smear layer and debris in comparison to RaCe instruments (16), which does not coincide with our results. Zand et al. used NaOCl as an irrigating solution and evaluated smear layer and debris separately. NaOCl might have influenced the results of that study by dissolving organic components of smear layer. It should be emphasized that it is difficult to distinguish smear layer from debris.
It appears that RaCe instruments leave smear layer with lower grades in comparison to FlexMaster and ProFile instruments. The lower amount of the smear layer was more noticeable in the middle and apical thirds but smear layer in the coronal third was more abundant; however, the differences were not significant. In general, RaCe instruments left less smear layer in the present study.
Considering the limitations of the present study and its results and the absence of sodium hypochlorite for irrigation and chelating agents during instrumentation, it is suggested that further studies be carried out with the use of sodium hypochlorite and EDTA.
